Abstract-Electromagnetic (EM) scattering from subsurface unexploded ordnance (UXO) is investigated both theoretically and experimentally. Three EM models are considered: the multilevel fast multipole algorithm (MLFMA), the method of moments (MoM), and physical optics (PO). The relative accuracy of these models is compared for several scattering scenarios. Moreover, the model results are compared to data measured by an experimental synthetic-aperture radar (SAR) system. SAR images have been generated for subsurface UXO targets, in particular 155-mm shells. We compare SAR images from the measured data with theoretical images produced by the MoM and PO simulations, using a standard back-projection imaging technique. In addition to such comparisons with measurement, we consider additional buried-UXO scattering scenarios to better understand the underlying wave phenomenology.
I. INTRODUCTION
T HE electromagnetic (EM) characterization of surface and subsurface targets has been of interest to researchers for many years [1] - [11] . Recent development of wide-band high-resolution synthetic aperture radar (SAR) technology has shown that it may be possible to detect targets buried close to the ground surface over very large open areas [12] - [15] , in a high standoff mode. In general, there are two limiting factors influencing the practicality of using wide-band SAR for wide-area target detection. First, the presence of strong ground clutter due to roughness, soil inhomogeneities, and foliage may limit the radar's ability to resolve the target from clutter. Likewise, target depth can also play a major role. For deeply buried targets, the incident wave may experience significant attenuation as it penetrates the lossy soil. Consequently, while wide-band SAR detection of targets close to the ground surface is generally considered to be feasible, detection of targets buried more than 1 m may be possible only in low-loss soils and/or for large targets [16] . In this paper, our model assumes a Publisher Item Identifier S 0018-926X(00)09375-3.
flat air-ground interface so we concentrate exclusively on the effects of target depth and orientation, as a function of sensor parameters. The dispersion and loss associated with the soil are modeled rigorously.
In the work presented here, we consider three models for simulating EM scattering from conducting unexploded ordnance (UXO): 1) a method-of-moments (MoM) analysis for arbitrary perfectly conducting targets in a layered medium, with the lossy dispersive layers representing the typical layered character of many soils; 2) a multilevel fast multipole algorithm (MLFMA) [17] model for electrically large conducting targets above or embedded within a lossy half-space; and 3) a physical optics (PO) model [18] for perfectly conducting UXO above or below a half space. In addition to addressing this scattering problem numerically, SAR images from UXO are presented for data collected with the U.S. Army Research Laboratory BoomSAR, Adelphi, MD [15] , [19] . Comparisons are made between measured and computed SAR images, the latter simulated via the MoM and PO forward solvers. In addition to addressing the model accuracy through comparisons to measurements, we subsequently use the models to examine variation of the physical parameters to determine how such impact the SAR image.
The remainder of the text is organized as follows. In Section II, we summarize the numerical models developed for simulating wide-band scattering from surface and subsurface UXO and briefly describe the experimental SAR system employed in the measurements. A comparison between results from the three models is presented in Section III. We also perform comparisons between computed and measured SAR imagery, followed by numerical experiments to address the variation of the target signature as a function of variable physical parameters. The work is summarized and conclusions drawn in Section IV.
II. THEORETICAL MODELS AND MEASUREMENT SYSTEM

A. MoM and MLFMA Models
MoM [20] , [21] and MLFMA [17] , [22] , [26] applied here have been discussed elsewhere. We, therefore, provide only a summary of the principal issues involved in such models. Our MoM and MLFMA models both solve a combined-field integral equation (CFIE) [27] , by employing triangular-patch basis functions [28] . The MoM analysis is applicable to arbitrarily shaped perfectly conducting targets in an arbitrary layered medium, while the MLFMA is restricted to the half-space case. For both problems a principal challenge involves computation 0018-926X/00$10.00 © 2000 IEEE of the dyadic Green's function, each component of which involves Sommerfeld integrals. These integrals are solved here via the method of complex images [29] . In the MoM one computes an matrix, for expansion functions, with each matrix component involving a rigorous evaluation of the dyadic Green's function. In the MLFMA analysis, expansion and testing functions are partitioned into a set of multilevel clusters, with the "far" (expansion function)-(testing function) interactions treated efficiently within the MLFMA construct [17] , [26] . For this portion of the model the dyadic half-space Green's function is evaluated approximately in terms of a set of images in real space [17] , [22] . However, for basis and testing functions that are sufficiently close (typically half a wavelength or less) the interactions are treated rigorously, through application of the complex-image technique.
B. PO Solution
While the MLFMA is more efficient than the MoM for large , both of these models are computationally expensive for electrically large targets. We have, therefore, also developed an approximate PO solution [18] -this significantly more efficient numerically than the MoM and MLFMA models. As applied here, the UXO is partitioned into a set of triangular sections, analogous to the triangular-patch basis functions applied in the MoM and MLFMA. The surface currents on all triangles in the lit region are approximated via the PO approximation, with the currents on all unlit triangles set to zero. The far-zone scattered fields from these approximate currents are computed through a rigorous use of the asymptotic half-space Green's function. Concerning the incident fields used to compute the PO currents, all reflection and transmission at the half-space interface is accounted for rigorously (although multiple interactions between the target and soil interface are neglected).
C. Experimental System
The U.S. Army Research Laboratory has developed an experimental time-domain SAR system, with instantaneous bandwidth covering 50-1200 MHz. In this system, four horn antennas are placed atop a telescoping boom lift capable of moving at approximately 1 km/h while the basket is elevated to 45 m [14] , [15] . For typical collection geometries, down-look angles to the target vary from 45 to approximately 10 (from grazing), depending on the range to the target and the height of the boom. The details of this fully polarimetric system are found in [14] and [15] , as is a discussion on SAR-image formation.
III. THEORETICAL AND MEASURED DATA
A. Comparison of Theoretical Models
We first consider a direct comparison between the three theoretical models presented in Section II. In particular, we consider the 155-mm shell in Fig. 1 (155 mm maximum diameter) . The length of the shell is 0.58 m, representing nearly four free-space wavelengths at 2 GHz (the buried target is of course even larger electrically). The length of the UXO is parallel to the air-ground interface, and the top of the UXO is 2.54 cm beneath the interface, the soil representative of Yuma soil with 5% water content [15] . In Figs. 2 and 3 we plot the backscattered RCS for vertical (VV) and horizontal (HH) polarization, respectively, for incidence 30 from grazing, directed 45 azimuthally to the target broadside [see Fig. 6(b) ]. In these results we plot data up to 5 GHz, with the MLFMA and PO results plotted for all frequencies and the MoM results plotted only up to 2 GHz. The CPU and RAM requirements of the MoM are prohibitive when the target becomes electrically large, as it does above 2 GHz (see Fig. 4 ). Hence, the MLFMA is used to examine the accuracy of PO when the target electrical size becomes large, corresponding to where the PO is expected to perform well.
The PO solution is in good agreement with the much more computationally expensive MoM and MLFMA solutions, for almost all frequencies. The computation time of the PO results are infinitesimal (almost instantaneous) relative to MoM and MLFMA. With regard to the MoM and MLFMA solutions, the agreement between these models is almost exact, for all frequencies for which both are considered. However, as indicated in Fig. 4 , the CPU and RAM requirements of the MoM are substantially higher than those of the MLFMA. In Fig. 4 , for frequencies greater than 2 GHz, the MoM CPU and RAM are extrapolated from results at and below 2 GHz, assuming the expected order and variation, respectively (the MoM matrix equation was solved via a direct LU-decomposition, this of order complexity). Close inspection of Figs. 2 and 3 reveals slight differences between the PO and MLFMA solutions, at frequencies above 2 GHz. This may appear somewhat anomalous, for the PO approximation is expected to become nearly exact at high frequencies. This latter expectation, however, is based on experience from free-space scattering. For the half-space problem, the PO solution does not account for multiple interactions between the target and the soil, regardless of the frequency. To this we attribute the small differences between the PO and MLFMA solutions at high frequencies. This shortcoming of the PO solution is examined further below, in the context of SAR images for the buried UXO. In Figs. 2 and 3 we only consider a single target-sensor orientation. In the SAR image we implicitly view the target from multiple orientations, and the aspect-dependent character of the signatures is also addressed more fully in Section IV.
B. Measured and Computed SAR Imagery
We compare the models to measurements by forming theoretical SAR images. All SAR-image examples below, both theoretical and experimental, are for VV polarization, approximately 30 incidence from grazing. In computing the time-domain scattered waveform from the th aperture position, we account for the -dependent angle of incidence to a given image pixel, assuming plane wave excitation, pure polarization properties and a fixed incident-pulse shape (see Fig. 5 ). The latter two conditions are dictated by our incomplete knowledge of the antenna properties over ultrawide-band (UWB) frequencies for, in reality, the radiated pulse shape changes with variable target-antenna orientation, as does the polarization. On the other hand, the plane wave incidence approximation is typically appropriate for the SAR applications of interest since the distance between the sensor and targets is generally substantial. Finally, the waveforms used to form the theoretical images are weighted as a function of aperture position, to approximately reflect the properties of the antenna pattern (see [15] ).
The need to compute time-domain scattered waveforms at a large number of target-sensor orientations, for formation of a theoretical SAR image, places a significant burden on the computational requirements of the scattering model. In particular, the time-domain computations for each used in the SAR image required 80 frequency calculations (25-MHz increments) over the 50-1200 MHz bandwidth of the experimental SAR system (from Fig. 5 we note that, while the usable SAR bandwidth is 50-1200 MHz, calculations are required up to 2 GHz to cover the full bandwidth of the incident pulse). Moreover, for computations of the SAR image, we employed an azimuthal sampling rate of 1 . We view the target from different azimuthal positions, as we traverse the linear SAR aperture and here we have precomputed time-domain scattered waveforms at a 1 azimuthal sampling rate. Over the linear SAR aperture we must, in principle, also consider variation of the incident angle , although for the aperture sizes considered this variation is negligible. Note that for rotationally symmetric land mines [12] - [14] , [21] , the target signature is independent of the azimuthal orientation, substantially reducing the number of scattering computations required to form the image [15] . The UXO half-space composite generally does not possess such symmetry. Consequently, in forming all the theoretical SAR images presented below, we employ MoM and PO as the numerical forward solvers. If the MoM matrix equation is inverted via a direct LU-decomposition then, at a given frequency, multiple incident fields can be considered with little additional computational burden. By contrast, with the MLFMA the matrix equation is solved iteratively via the conjugate-gradient method [30] . In such iterative solvers, multiple incident fields must generally be computed separately, vitiating the use of MLFMA for theoretical SAR-image formation. We should note, however, that the MoM matrix multiplication is an order operation and for the image formation this must be done for all backscatter angles of interest (usually a large number). Therefore, overall, for the imaging problem of interest, MoM and MLFMA have similar computational burden when N is large. In this context, the principal benefit of MLFMA vis-á-vis the MoM is in the area of RAM; the finite memory of a given computer limits the maximum target electrical size that can be considered, the MLFMA allowing consideration of significantly larger targets than the MoM (cf .  Fig. 4) .
The measured data is presented for the 155-mm shell shown in Fig. 1 , for a test site at Yuma Proving Ground in Yuma, AZ. The Yuma soil was characterized by approximately 5% water content, with the associated electrical properties described in [15] . All measured results are for the UXO buried just under the air-ground interface, with the target axis parallel to the interface (flush buried). The gridded model of the target, used in the numerical computations, is shown in Fig. 6 .
In Fig. 6(a) we consider the shell-oriented parallel to the linear SAR aperture, while in Fig. 6 (b) the ordnance is oriented at 45 . For both images the total angle spanned by the linear aperture relative to the target center is 60 . The agreement between the model and measured SAR image is reasonable, especially considering the complexity of the experimental system and the uncertainty in the angle-dependent incident-wave polarization and pulse shape. As might be expected, when the target broadside is parallel to the linear aperture, the image is characterized primarily by a single strong return. Moreover, when tilted at 45 the scattered return is characterized by two diagonally offset returns, characteristic of diffraction from the target front and back. Note that, in the model results in Fig. 6(b) , one can almost distinguish the two (diagonally offset) scattering mechanisms, while in the measured response these appear to merge into a single diagonal response. This may be due to an over estimation in the model of the SAR's cross-range resolution. Moreover, random motion of the sensor (for example, due to wind) also undermines the resolution of the measured image.
While the principal features of the measured and computed imagery (Fig. 6) are similar, there is a slight difference in the color scale of the images. This scaling difference is due to the fact that the experimental system is not calibrated, this constituting a very challenging task for the UWB system under consideration. Addressing this point further, to do system calibration, one requires knowledge of the theoretical response from fiducial targets to which the radar will be calibrated. Accurate models for the large fiducial targets of interest [20] is a nontrivial issue, it constituting a separate application of the MoM and MLFMA models.
While the theoretical SAR images in Fig. 6 capture most of the features in their measured counterparts, we notice several features in the measured images that are not seen in the computed data, this particularly true in Fig. 6(b) . Fig. 6(b) is more sensitive to clutter because the target signature is driven by relatively weak edge diffraction, as compared to the specular reflection characteristic of Fig. 6(a) . The image features not modeled by the theory are attributed to clutter, this, as discussed in Section I, constituting one of the principal challenges to SAR-based UXO detection (and why, as discussed further below, SAR is best for UXO near the soil interface). The measurements were taken in a relatively benign environment, with minimal foliage cover on the flat terrain. Consequently, the clutter in Fig. 6 is attributed primarily to subsurface soil inhomogeneities. It is very difficult to include such effects in a model for comparison to measured scattering data since the subsurface soil characteristics are often altered upon excavation (if due to localized soil moisture, for example). Clutter induced by subsurface inhomogeneities must be handled statistically, employing an appropriate statistical model for the subsurface soil properties.
Based on the accuracy of the PO results in Figs. 2 and 3 , we next perform a comparison between a SAR image computed via PO with one computed via MoM, with both corresponding to the 155-mm shell buried 2.54 cm under the Yuma-soil surface (5% water content [15] ), as in Figs. 2 and 3 . We see in Fig. 7 that the agreement between the PO and MoM images is consistent with the comparisons in Figs. 2 and 3 . We note, however, that there are noticeable small differences between the MoM and PO solutions. In particular, consider in Fig. 7(a) a linear cut in the image, running parallel to the vertical axis, through the image center (through the zero cross-range position). Increasing down-range corresponds to further distance between the target and sensor, and therefore increasing downrange in the image can also be viewed as increasing time (reflections viewed at the sensor at later times are represented in the image as being further from the sensor). Note that with increasing time (increasing downrange position), the MoM is characterized in Fig. 7(a) by a sequence of three bumps, followed by a faint fourth return. By contrast, the PO solution in Fig. 7(a) , along the same cut, does not have this fourth faint return. This is explained as follows. The PO solution only includes the direct reflected waveform, with no multiple interaction between the buried target and the air-soil interface. By contrast, the rigorous MoM solutions should capture all phenomena, assuming sufficient numerical accuracy (e.g., enough basis functions). Consequently, the small differences between the PO and MoM solution in Fig. 7(a) are attributed to mul-tiple interaction between the target and the interface. Similar small differences are witnessed in Fig. 7(b) and (c) . Nevertheless, these multiple interactions appear to constitute a small effect for this target. Such multiple interactions between the target and interface may also explain the small differences between the PO and rigorous solutions (MoM and MLFMA) seen in Figs. 2 and 3. Before leaving Fig. 7 , it is important to emphasize that the PO solution captures most of the important shapes in the SAR image, relative to MoM. However, there is a noticeable difference in the amplitude of the PO solution, compared to MoM. We attribute this to the fact that the PO images use the PO forward solver at all frequencies, this being particularly inaccurate at the low frequencies of the incident pulse in Fig. 5 , where there is considerable energy.
C. Phenomenological Studies
The principal goal of developing theoretical scattering models for surface and subsurface UXO is to gain a better understanding of the underlying wave phenomenology. We consider such phenomenological investigations below. Despite the fact that the PO model results in Sections IV-A-B looked promising, when performing phenomenological studies it is best to use a rigorous model, to be assured unexpected phenomena are witnessed, if present. Therefore, in the examples below, all data are computed via MoM and MLFMA.
The SAR imagery presented in the previous section indicates that the measured and computed SAR image for the target and soil considered is a function of the target orientation relative to the linearsyntheticaperture.Thisisaveryimportantphenomenon,for it is such aspect-dependent UXO scattering that will help discriminate targets from clutter. To address this issue more completely, in Fig. 8 we plot the time-domain signature of the UXO target due to a pulsed plane wave of excitation in Fig. 5 . The target is a 155-mm shell buried as in Fig. 7 and here we plot the time-domain backscattered waveform as a function of target-sensor orientation. In particular, in Fig. 8 , we plot the VV and HH time-domain scattered fields, for: 1) incidence normal to the target broad side; 2) at 45 relative to broad side; and 3) along the target axis. The waveformsin1)-3)arerelatedtoFig.7(a)-(c),respectively.These datawerecomputedviatheMoMmodeldiscussedinSectionII-B. As expected, the time-domain signature is a strong function of orientation. The far-zone time-domain scattered waveforms in Fig. 8 are normalized by the distance between the target and observer and, therefore, the fields have units meters (analogous to square meters for RCS).
As expected, the broadside scattered waveform in Fig. 8 is significantly stronger than the other two angles, highlighting the distinction between primarily specular and edge-diffraction and scattering. Considering first the case , we note the large specular return is followed by a considerably smaller second pulse (although that second pulse is nearly as large in amplitude as the scattered fields at and ). The second waveform for is attributed to interaction between the target and the air-ground interface since it is not seen for the PO results [see Fig. 7(a) ]. The bandwidth is not sufficiently large to distinguish the specular return from diffraction from the two ends of the UXO, these two scattering mechanisms arriving nearly simulta- (Fig. 1) is buried 2.54 cm in 5% Yuma soil [15] , with its axis parallel to the air-soil interface. Considered are plane wave incidence normal to the target axis, 45 from the target axis, and parallel to the target axis. neously. Considering the other two incident angles and , the scattered waveforms are characterized at early times by two consecutive scattered waveforms with, as expected, the duration between these waveforms larger for the case of than for . Note that the case is relevant for Fig. 6(a) , for which the linear aperture yields scattering primarily from the target broadside. The fact that the signature is characterized principally by a single strong response explains the fact that Fig. 6(a) is also represented by a single strong return (in the image domain). Similarly, the two diffracted components for the case in Fig. 8 give rise to the two diffracted components characteristic of the image in Fig. 6(b) , these apparently merging in the measured image into a single diagonal response. Moreover, the energy in the signature is significantly stronger than for , this explaining why Fig. 6(b) is more contaminated by clutter than does Fig. 6(a) .
In our next set of results, we again consider the 155-mm shell buried in 5% Yuma soil, but now we consider variable target depth. In particular, for simplicity, again assume that the UXO axis is parallel to the soil interface (the model is applicable to arbitrary target orientation [17] , [22] , [23] ). We consider three target depths, all measured from the top of the target to the interface: 1) 2.54 cm as in Figs. 2 and 3 ; 2) 50 cm; and 3) 100 cm. We again consider time-domain plane-wave incidence, characterized by the pulse in Fig. 5 and all results are computed via the MLFMA. In Fig. 9 , we present results for 30 incidence relative to grazing, oriented 45 relative to the target axis [as in Fig. 7(b) ]. As expected, there is a significant reduction in the scattered-field amplitude with target depth. This phenomenon indicates that SAR-based sensing of UXO is of most utility for targets near the air-ground interface.
IV. CONCLUSION
This paper has considered UWB scattering from UXO buried in lossy dispersive soil. Three scattering models were considered, and the numerical test considered here demonstrated that the MLFMA results are in close agreement with MoM for the buried UXO considered. Moreover, the agreement of the PO with the MoM/MLFMA solutions has been good, viewed both in the backscatter domain as well as in the SAR-image domain.
In addition to these theoretical investigations, we have performed SAR measurements via an experimental UWB sensor [15] . The agreement between theoretical and computed SAR images was good, despite uncertainty in the aspect-dependent radiated polarization and pulse shape. However, the clutter proved to be a significant issue, despite the fact that the UXO considered were shallow buried. The clutter was particularly problematic when the target orientation relative to the linear SAR aperture was such that no specular return was excited. In this case, the scattered fields are generated primarily by edge diffraction, the associated small scattered fields approaching the clutter level. We also demonstrated theoretically that this issue is exacerbated as the target depth increases. These theoretical and measured results indicate that SAR-based detection is most viable for detection of former bombing ranges, rather than for each individual (possibly deeply buried) UXO. This is motivated by the fact that most former ranges are littered by much surface and shallow-buried UXO. Once a former range is detected, alternative technology can be employed to attempt detection of each individual UXO [31] .
The results presented here also indicate directions for future work. A principal concern in this context is gaining a better understanding of the mitigating clutter sources. For the UXO, the target shapes are generally well known (although the target is often deformed, due to impact) and, therefore, can be modeled. The clutter, on the other hand, is poorly understood. For example, the measured results presented here considered flat and weakly foliated terrain, but the SAR image still had clutter returns on the order of the shallow UXO, for the nonspecular case. The clutter source is conjectured to be subsurface soil inhomogeneties (e.g., spatially varying water content). Future work requires a combination of soil science and EM modeling to examine such issues in greater detail.
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